This study was designed to investigate the additional benefits of a multimodal early onset stimulation (MEOS) paradigm when combined with enriched environment (EE) versus EE only and standard housing (SH) on the recovery after experimental traumatic brain injury (TBI). Male SpragueDawley rats were subjected to moderate lateral fluid percussion (LFP) brain injury (n ‫؍‬ 40) or sham operation (n ‫؍‬ 6). Thereafter, the injured and sham/EE ؉ MEOS and EE only groups were placed into a complex EE consisting of tunnel-connected wide-bodied cages with various beddings, inclining platforms, and toys. Along with group living and environmental complexity, injured and sham/EE ؉ MEOS animals were additionally exposed to a standardized paradigm of multimodal stimulation including auditory, visual, olfactory, and motor stimuli. In contrast, injured and sham/SH groups were housed individually without stimulation. A standardized composite neuroscore (NS) test was used to assess acute post-traumatic neuromotor deficits (24 h after injury) and recovery on days 7 and 15; recovery of cognitive function was assessed on days 11-15 using the Barnes maze. Neuromotor impairment was comparable in all injured animals at 24 h post-injury, but braininjured EE ؉ MEOS rats performed significantly better than both brain-injured SH and EE groups when tested on post-injury days 7 and 15 (p ‫؍‬ 0.004). Similarly, latencies to locate the hidden box under the Barnes maze platform were significantly shortened in EE ؉ MEOS animals at day 15 (p ‫؍‬ 0.003). These results indicate that the reversal of neuromotor and cognitive dysfunction after TBI can be substantially enhanced when MEOS is added to EE.
INTRODUCTION
T RAUMATIC BRAIN INJURY (TBI) is a leading cause of death and permanent disability world-wide. Population-based studies in the United States suggest that the incidence of TBI is 180-250/100,000 population per year (Bruns and Hauser, 2003) totalling up to an estimated 1.6 million persons who sustain a TBI each year (Sosin et al., 1996) . The incidence may be higher in Europe and South Africa (Bruns and Hauser, 2003) . As a result of these injuries, 50,000 people die, 230,000 people are hospitalized and survive, and an estimated 80,000-90,000 people experience the onset of long-term disability (Thurman et al., 1999; Adekoya et al., 2002) . Among a variety of complications experienced after TBI, the most frequently reported are neuromotor and cognitive dysfunctions (Oddy et al., 1985) , both substantially affecting postinjury quality of life (Levin et al., 1988) .
Neuromotor and cognitive dysfunction has also been reported following experimental lateral fluid percussion brain injury (McIntosh et al., 1989a; Lyeth et al., 1990; Smith et al., 1991; Dietrich et al., 1996; Pierce et al., 1996) . The pathological mechanisms possibly mediating enduring TBI-associated neuromotor and cognitive deficits associated with this model may include (i) profound cell death (necrotic and apoptotic) and axonal degeneration (Cortez et al., 1989; Dietrich et al., 1994c; Soares et al., 1995; Hicks et al., 1996; Conti et al., 1998) , (ii) depression of brain metabolism (Dietrich et al., 1994a Yoshino et al., 1991) , (iii) injury-induced vascular perturbations (Cortez et al., 1989; Schmidt and Grady, 1993; Fukida et al., 1995; Ginsberg et al., 1997) , (iv) glial hypertrophy and proliferation (Hill et al., 1996) , and (v) neuronal necrosis (Soares et al., 1992 (Soares et al., , 1995 Dixon et al., 1987; Dietrich et al., 1994a,b,c; Hicks et al., 1996; McIntosh et al., 1989b) .
Experimental work has been conducted to characterize a variety of post-traumatic treatments (Dietrich et al., 1994b; Bramlett et al., 1997; Wahl et al., 2000; Philips et al., 2001; Belyaev et al., 2001; Bentzer et al., 2001; Marklund et al., 2001; Saatman et al., 2001; LaPlaca et al., 2001; Knoblach and Faden, 2002; Allessandri et al. ,2002; Hicks et al., 2002a,b; Rice et al., 2002; Faden et al., 2003) , and several studies have focused on the positive effects of environmental enrichment (EE) (Hamm et al., 1996; Passineau et al., 2001 ). This approach dates back to experiments in the 1960s by Diamond and Rosenzweig, who reported changes in neurochemistry and neuroanatomy after rats had been exposed to varied complex environment (Krech et al., 1960; Diamond et al., 1964; Diamond 1967; Rosenzweig 1966) . More recent data showed that placing rats in a complex environment leads to increased numbers of dendrites, synapses, glia cells, and blood vessels (Greenough et al., 1992) , as well as to enhanced trophic factor expression and neurogenesis (Falkenberg et al., 1992; Kempermann et al., 1997; Torasdotter et al., 1998; Nilsson et al., 1999) . After TBI, exposure to EE was associated with attenuation of severe cognitive deficits and preservation of tissue integrity (Passineau et al., 2001) as well as enhanced functional recovery (Held et al., 1985; Hamm et al., 1996; Galani et al., 1997; Czeh et al., 1998) . Similar effects of environmental enrichment have been reported after stroke (Mattsson et al., 1997; Young et al., 1999; Belayev et al., 2003; Johansson, 2003) .
As the brain is likely to interact with a variety of environmental factors, an attempt was undertaken to further optimise the function of the traumatically injured brain by combining the exposure to environmental complexity with a standardized paradigm of complex multimodal early onset stimulation (MEOS), that is, after brain injury, rats were housed in groups and then exposed to a specific protocol of visual, auditory, olfactory, and motor stimuli. In this first experimental study using EE combined with MEOS, we intended to prove whether posttraumatic stimulation with specifically targeted external stimuli would restore brain integral function as suggested by few studies in human patients (Lippert-Gruener and Terhaag, 2000; Lippert-Gruener et al., 2002 , 2003 .
MATERIALS AND METHODS

Animals
Male Sprague-Dawley (SD) rats (300-350 g; n ϭ 46) were commercially obtained from Harlan-Winkelmann (Borchen, Germany) and housed individually for a minimum of 7 days prior to any procedure. Following acclimatization animals were ramdomized to one of the following experimental groups: (i) injured/standard housing (SH) (n ϭ 15), (ii) injured/enriched environment (EE) (n ϭ 10), (iii) injured/EE plus multi-modal early onset stimulation (MEOS) (n ϭ 15), or (iv) sham operation (n ϭ 6). A flow diagram indicating procedures and testing that took place, including numbers of animals, is shown in Figure 1 .
Procedures
Fluid percussion brain injury. The lateral fluid-percussion (LFP) brain injury model, as described by McIntosh et al. (1989a) , is one of the most widely used and well-characterized models of experimental traumatic brain injury (Laurer et al., 2000) . In brief, animals were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and placed in a stereotaxic frame. A hollow female Luer-MULTIMODAL STIMULATION AND ENRICHED ENVIRONMENT Lok fitting was rigidly fixed with dental cement to a 4.8-mm craniotomy centered between lambda and bregma, 2.5 mm lateral to the sagittal sinus, keeping the dura mater intact. The fluid-percussion device consists of a plexiglas cylinder filled with isotonic saline. One end of the cylinder was connected to a metal housing terminated with a male Luer-Lock fitting. Prior to the induction of trauma the male Luer-Lok was connected to the female Luer-Lok anchoired in the rat's skull, creating a closed system filled with isotonic saline in connection with the dura. The trauma was induced in the three experimental groups (n ϭ 40) by the fall of a metal pendulum against a piston inducing a pulse of increased intracranial pressure of 21-23 msec in duration through rapid injection of saline into the closed cranial cavity thus resulting in a brief displacement and deformation of neural tissue as originally described (McIntosh et al., 1989a) . The pressure pulse was measured extracranially by a transducer (Gould) housed in the injury device and recorded on a computer oscilloscope emulation program (RC Electronics). Following injury at a moderate level (2.1 Ϯ 0.2 atm), the incision was closed with interrupted 4.0 silk sutures, and the animals were placed onto a heated pad to maintain body temperature for 1 h following surgery. All animals were monitored clinically for respiratory function and body temperature for at least 6 h postsurgery, then daily. Sham-operated animals (n ϭ 6) underwent the surgical procedures as described above, but were not subjected to brain injury.
Standard housing/enriched environment/multimodal stimulation. After surgery animals were allowed to recover in individual cages for 24 h, then returned either to their individual cages with standard housing (SH; n ϭ 15) without stimulation or to specifically designed cages (three cages at size 610 cm ϫ 435 cm ϫ 215 cm [Techniplast, Buguggiate, Italy] ) connected via tunnels where they experienced group living in an enriched environment (EE and EE ϩ MEOS groups; n ϭ 25). Environmental enrichment consisted of horizontal and inclining platforms and various toys (hanging robes, bridge, tunnel, climbing ladder, balls). Along with the group living and environmental enrichment, EE ϩ MEOS animals (n ϭ 15) were additionally exposed to a standardized protocol of sensory stimulation adopted from Inglis and Fibinger (1995) as well as a specific motor training on a rotating rod. For presentation of auditory, visual, and olfactory stimuli, a self-built auditory and visual stimulation apparatus was installed just above the EE-cages, producing the following three series of standardized auditory and visual stimuli during the dark cycle: (i) auditory (20 min): an intermittent buzzer sound (80 dB), 30 sec on, 30 sec off; (ii) pause (20 min); (iii) visual (20 min): a flashing white light (60 W, 1 Hz), 30 sec on, 30 sec off; and (iv) pause (20 min). Olfactory stimulation was assured by holding parfumed paper strips into the cages twice daily at the transition periods from light to dark and dark to light using a standardized neurological olfactory test battery. For motor stimulation animals were trained to step on a commercially obtained rotarod apparatus in two sessions of five days each with two trials per animal and per day (Rotarod®, TSE, Homburg, Germany). Under all conditions (SH, EE, and EE ϩ MEOS), food and water were continuously available. All animals were maintained at constant temperature (22°C) in a 12-h light/dark cycle, with lights on at 7 a.m.; all procedures and testing were performed during light cycle. The sham-operated animals were equally distributed to each experimental group and their results were pooled for analysis in order to reduce the total number of animals used. All experimental procedures conformed with the guidelines of the Cologne University and the state's animal protection and ethics commitee. All efforts were undertaken to minimize animal discomfort. 
Neuromotor evaluation (Composite Neuroscore).
Evaluation of neuromotor impairment by using a composite neuroscore (NS) test after lateral fluid-percussion brain injury has been described previously (Okiyama et al., 1992; Sinson et al., 1995) , and the results correlate with injury severity (Sullivan et al., 1976; McIntosh et al., 1989a) . In brief, animals were tested by an investigator blinded to the injury status of each animal. Scoring for each individual animal ranged from 0 (severely impaired) to 4 (normal strength and function) for each of the following modalities: (1) left and (2) right forelimb flexion during suspension by the tail; (3) left and (4) right hindlimb flexion with the forelimbs remaining on a flat surface as the hindlimbs are lifted up and down by the tail; (5) ability to resist lateral pulsion to the left and (6) right; (7) ability to stand on an inclined plane in the left, (8) right, and (9) vertical position. Inclined plane scoring (0-4) was determined by the animal's ability to stand at an angle up to 45 degrees (4 ϭ 45°; 3 ϭ 42.5°; 2 ϭ 40°; 1 ϭ 37.5°; 0 Յ 37.5°). The scores for (7), (8), and (9) were averaged, and a composite neurological motor score (0-28) was calculated for each animal from the summation of the individual test scores. Neuromotor function was assessed in both the injured and the sham-operated animals. Baseline composite neuromotor scores were calculated 24 h prior to injury. The degree of acute neurological impairment after trauma and prior to the beginning of either SH, EE or MEOS in EE was assessed at 24 h post-injury; the recovery of neuromotor functions within the time course of the experiment was evaluated at post-injury days 7 and 15 (Fig. 1) .
Barnes Circular Maze Procedure. The Barnes Circular Maze (Barnes 1979) has beed adapted to assess spatial reference memory following traumatic brain injury (Maegele et al., 2001) . The maze represents an efficient and approved alternative to the common used water maze test with less stress to the animal, less physical demand, and fewer trials over days for satisfactory training (Fox et al., 1998) . In brief, animals were trained to locate a dark escape chamber, hidden underneath a hole positioned around the perimeter of a disk, brightly illuminated by four overhead halogen lamps to provide a lowlevel aversive stimulus. Our maze was manufactured from white acrylic plastic to form a disk 1.5 cm thick and 115 cm in diameter, with 18 evenly spaced 7-cm holes at its edges. The latencies to enter the escape box were recorded by the investigator blinded to treatment. Additionally, all trials were recorded simultaneously by a video camera installed directly overhead the center of the maze. Animals were given two trials per day for five consecutive days (DPI 11-15; Fig. 1) . A trail was started by placing the animal in the center of the maze covered under a cylindrical start chamber; after a 10-sec delay, the start chamber was raised remotely using a pulley system. A training session ended after the animal had entered the escape chamber or when a pre-deterimed time (300 sec) had elapsed, whichever came first. There was a 4-min inter-trial interval for each animal. All surfaces were routinely cleaned with destilled water before and after each trail to eliminate possible olfactory cues from preceding animals.
Survival period. Following completion of the Barnes circular maze testing and the composite Neuroscore on DPI 15, animals were transcardially perfused with 0.9% NaCl in distilled water for 60 sec, followed by a fixation with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) under anaesthesia.
Statistical analysis.
Composite neuromotor function scores and time-to-target in the Barnes circular maze were analyzed in repeated-measures general linear models with alpha ϭ 0.05. The multivariate normality of data distribution was examined by Mauchly's sphericity test. The general linear models included neither pre-injury nor sham control data. The effect of time, group, and interaction between the two was tested by F-tests (modified according to Greenhouse-Geisser in case of non-normality). For post-hoc testing, we used Tukey's HSD test. For subgroup analyses and pairwise comparison to controls, separate testing was made by ANOVA and paired Student's t-test. The correlation between both assessments was examined by Pearson's coefficient r. All statistical analyses were performed by using SPSS 11.0. software.
RESULTS
Composite Neuroscore
Composite neuroscores for the three experimental groups prior to injury and at 24 h, and DPI 7 and 15 are shown in Figure 2 . No differences were observed among animals prior to injury with respect to forelimb flexion, lateral pulsion, hindlimb function, and baseline angles in the angle-board test. At 24 h post-injury, a similar level of severe neurological impairment was detected in all aminals subjected to lateral fluid-percussion brain injury compared to their uninjured SHAM controls (p Ͻ 0.001 by ANOVA). The absence of any statistically relevant differences in composite neuroscores among injured animals indicates that all rats experienced a comparable traumatic impact with respect to severity and the extent of impairment. Recovery of neuromotor function started during the first week post-injury. While all animals continuously regained some neuromotor function (p Ͻ 0.001
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for time by F-test), the quickest and largest increase over time was observed in animals exposed to environmental complexity combined with multimodal stimulation (p ϭ 0.004 for interaction term, p ϭ 0.054 for group). Groupwise post-hoc testing over all three time points showed better results after EE ϩ MEOS than after SH (p ϭ 0.043 by Tukey's test); this difference was mostly pronounced at DPI 15 (p ϭ 0.004 by ANOVA).
Barnes Circular Maze Procedure
A learning curve for spatial reference memory was evident in all injured animals over the five day training period (p ϭ 0.005 by F-test; Fig. 3 ). Figure 4 shows mean latencies to find the hidden escape box underneath the Barnes circular maze platform for each experimental group on DPI 11 (BCM day 1) versus DPI 15 (BCM day 5). At the beginning of the Barnes maze testing (DPI 15; BCM day 1), animals of all groups showed similar latencies with animals exposed to EE only or EE ϩ MEOS being slightly faster in finding the target compared to SH group animals. On DPI 15, after having completed the Barnes maze training (BCM day 5), latencies to locate the hidden escape box underneath the Barnes circular maze platform had decreased in all groups. Again, this improvement was most dramatic and significant in EE animals that were additionally exposed to multimodal stimulation (p ϭ 0.003 by ANOVA). For example, EE ϩ MEOS animals found the hidden box underneath the Barnes circular maze platform 8, respectively, 5 sec faster than their SC and EE counterparts. In fact, those animals recuperating in enriched environment combined with MEOS performed as well as sham groups; latencies-to-target in the EE ϩ MEOS group reached similar latencies obtained from sham animals (10 Ϯ 3 SD seconds in the EE ϩ MEOS group versus 11 Ϯ 6 SD seconds in sham animals regardless whether held in SH, EE, or EE ϩ MEOS). However, the advantage of EE ϩ MEOS was not continuously detectable over time, with p ϭ 0.446 for the group-time interaction term and p ϭ 0.651 for comparison of groups (F-tests).
Interrelation between Neuromotor and Cognitive Recovery
The recovery of neuromotor function as expressed by increased composite neuroscores was well correlated with decreased latencies to target in the Barnes circular maze test on post-injury day 15 (r ϭ Ϫ0.54; p ϭ 0.001). In detail, animals that had been exposed to the combination of environmental complexity and stimulation generated significantly better results in both, composite neuroscore testing and Barnes latency-to-target as opposed to their counterparts housed in environmental complexity only or standard housing. Composite neuromotor function and recovery was assessed on a 28-point scale as described in the text. All injured animals showed a similar level of substantial neuromotor dysfunction at 24 h post-injury (not significant among groups). Injured animals exposed to EE ϩ MEOS performed better when tested for gross neuromotor function on DPI 7 and 15 as compared to their counterparts housed either in standard conditions or exposed to EE only. *Statistical comparisons between groups.
DISCUSSION
The present study was undertaken to determine whether the exposure of TBI-injured animals to a combination of MEOS and EE would augment neuromotor and cognitive recovery more robustly than under environmental enrichment alone (Held et al., 1985; Hamm et al., 1996; Galani et al., 1997; Czeh et al., 1998) . TBI-injured rats performed substantially better in standardized assessments for neuromotor and cognitive dysfunction on post-injury day 15 when targeted multimodal stimuli were added to the enrichment paradigm compared to animals housed in an enriched environment alone or under standard conditions. Further, those animals exposed to a combination of environmental complexity and stimulation performed almost identically to sham-injured controls in the Barnes circular maze task for spatial reference memory.
The positive effects of environmental enrichment resulting in improved neurological function have been described previously in young intact animals (Tees et al., 1990) , after experimental brain lesioning (Einon et al., 1980; Whishaw et al., 1984) and after traumatic brain injury (Hamm et al., 1996; Fineman et al., 2000; Passineau et al., 2001 ). However, strategies where targeted stimulation has been incorporated to promote favourable outcome after traumatic impact, as occasionally reported clinically after human TBI (Lippert-Gruener and Terhaag, 2000; Lippert-Gruener et al., 2002 , 2003 , have not been investigated to date in an experimental setting.
Despite well-documented behavioral improvements and structural alterations associated with environmental complexity, as also demonstrated here, relatively little is known about the underlying events which might be responsible for mediating these effects (Hicks et al., 2002) . To date, a number of hypotheses have been formulated to provide some logical explanation for the benefits associated with environmental complexity and stimulation, including (i) neurochemical changes (Ickes et al., 2000) and metabolic activation (Gonzalez-Lima et al., 1994) , (ii) enhanced dendritic branching and arborization (Rozenzweig and Bennet, 1996; van Praag et al., 2000; Ip et al., 2002) , number/size of synapses and glial cells as well as vasculature (Greenough et al., 1992) , and (iii) increased survival/decreased apoptosis of regenerating neural cells including increased trophic factor expression and neurogenesis (Falkenberg et al., 1992; Kempermann et al., 1997; Torasdotter et al., 1998; Nilsson et al., 1999) . With respect to changes in neurobiochemistry and brain metabolism increased levels of Ach (acetylcholinesterase) and RNA content (Ferchmin et al., 1970; Ferchmin and Eterovic, 1986; Rosenzweig and Bennett, 1969; Rosenzweig et al., 1962 ), brain norepinephrine (NE) (Brenner et al., 1983; Mohammed et al., 1986) , NMDA receptors (Liljequist et al., 1993) , and PKC/protein kinase C (Paylor et al., 1992) have been proposed as possible candidates in mediating neurobehavioral or cognitive changes. Interestingly, NE has also been associated with the improvement in motor recovery after brain injury (Boyeson and Feeney, 1990) . Activity-related increases in trophic factor expression, for example, brainderived neurotrophic factor (Falkenberg et al., 1992) , may also explain superior outcome in animals additionally exposed to multimodal stimulation. Taken together, these reports suggest that the enriched brain functions at an increased capacity and is highly sensitive to external stimuli. This may translate into a higher potential for recovery due to greater neuronal plasticity.
Although there has been quite some speculation about enriched environment, including stimulation to reduce TBI-related neuromotor and cognitive dysfunction by producing changes in brain neurochemistry and metabolim, for example, NE, NMDA, PKC, and BDNF, etc., all factors are also enrolled in the pathophysiological sequelae following TBI (Will et al., 1977; Hayes et al., 1988; Faden et al., 1989; Boyeson and Feeney, 1990; Hovda et al., 1991; Yoshino et al., 1991; Hamm et al., 1993; Dietrich et al., 1994a) , it is rather unlikely that one single factor is responsible for the improvements associated with environmental complexity. Instead, these improvements appear to be more likely the result of complex interaction between several or many factors, possibly further influenced by as yet unknown factors produced by environmental complexity, thus supporting a concept of a "multifactorial mechanism" of action (Passineau et al., 2001) . Therefore, additional experiments are necessary to more precisely define the specific mechanisms by which environmental complexity promotes restoration of neuromotor and cognitive dysfunction after TBI. Our results demonstrate that the strategy to combine environmental enrichment with targeted multimodal stimulation is effective in the recovery of neuromotor and cognitive dysfunction after TBI. Extending data from earlier work (Hamm et al. 1996; Passineau et al., 2001) , we report here that the substantial improvements in post-traumatic recovery associated with environmental complexity are augmented when targeted multimodal stimuli are added.
However, the question whether the achieved recovery is due to (i) reduction of bystander damage thus preserving important existing circuits, (ii) improved sprouting and synaptogenesis in the lesioned cerebral areas, or (iii) compensatory mechanisms to use intact cortical areas, remains unanswered. The approach to implement appropriate "stimulations" to augment favorable recovery and outcome is a developing and promising strategy in modern neurological rehabilitation (Lippert-Gruener and Terhaag, 2000; Lippert-Gruener et al., 2002 , 2003 . Further experiments to clarify the mechanisms involved are warranted. 
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